We previously found that soluble forms of the Notch ligands Jagged1 and Delta1 induced fibroblast growth factor receptor-dependent cell transformation in NIH3T3 fibroblasts. However, the phenotypes of these lines differed, indicating distinct functional differences among these Notch ligands. In the present study, we used allografts to test the hypothesis that NIH3T3 fibroblasts that express soluble forms of Delta1 and Jagged1 accelerate tumorigenicity in vivo. With the exception of the full-length Jagged1 transfectant, all other cell lines, including the control, generated tumors when injected subcutaneously in athymic mice. Suppression of Notch signaling by the soluble ligands significantly increased tumor onset and growth, whereas full-length Jagged1 completely suppressed tumor development. In addition, there were striking differences in tumor pathology with respect to growth kinetics, vascularization, collagen content, size and number of necrotic foci, and invasiveness into the underlying tissue. Further, the production of angiogenic factors, including vascular endothelial growth factor, also differed among the tumor types. Lastly, both Jagged1-and Delta1-derived tumors contained phenotypically distinct populations of lipid-filled cells that corresponded with increased expression of adipocyte markers. The divergence of tumor phenotype may be attributed to ligand-specific alterations in Notch receptor responses in exogenous and endogenous cell populations within the allographs. Our findings demonstrate distinct functional properties for these Notch ligands in the promotion of tumorigenicity in vivo.
The Notch signaling system is an evolutionarily conserved pathway that regulates cell fate decisions including quiescence, proliferation, differentiation, and death. [1] [2] [3] Four receptors (Notch1-Notch4) and eight putative ligands (Jagged1-Jagged2, Delta1-Delta4, F3/contactin, Pref-1) have been identified in vertebrates to-date and despite structural similarity and overlapping patterns of expression, the Notch receptors and ligands are not functionally redundant as null mutations for each display unique phenotypes. 4 -14 The identity of the activating ligand has also been demonstrated to influence the outcome of Notch signaling events in cell culture systems and in vivo, indicating that regulation of specific receptor/ligand interactions is important for defining the Notch-mediated response. [15] [16] [17] In the classic model of Notch signaling, ligand binding results in the proteolytic processing of the Notch receptor and subsequent release of the intracellular domain from the remainder of the protein. 18 -20 The Notch intracellular domain then translocates into the nucleus where it interacts with the CSL family of transcription factors, turning them from repressors to activators of transcription. also thought to occur, although this Notch-mediated signaling mode is less characterized. 27, 28 The intracellular domains of at least two of the ligands (Delta1 and Jagged1) also contain nuclear localization signals that permit their entry into the nucleus, although their direct role(s) in regulating nuclear functions are unclear. 29 -31 We and others have previously demonstrated that nontransmembrane, soluble forms of the Delta1 and Jagged1 ligands repress Notch activation, possibly by acting as competitors for binding of the full-length, endogenous ligands to the Notch receptors. 32, 33 Using the NIH3T3 cell, a standard cell transformation model, we found that expression of these soluble forms of Jagged1 (sJag1) and Delta1 (sDl1) induced fibroblast growth factor receptor (FGFR)-dependent transformation in vitro. 16, 33 Interestingly, the phenotype of cells stably expressing these two different ligands were distinct in their regulation of cell-cell adhesion, the actin cytoskeleton, and cell migration. 16 Given the divergent activities of Notch signaling in cell transformation versus tumor suppression in different tissues, 34 our present study tests the in vivo tumorigenic phenotype of NIH3T3 cells expressing either full-length ligands or dominant negative, soluble ligand forms. Our studies validate that Notch signaling through Jagged1 is a potent inhibitor of in vivo tumorigenesis in this model, whereas expression of Delta1 did not impede overall tumor growth. Conversely, inhibition of endogenous Notch/ligand interactions through expression of either sDl1 or sJag1 promotes tumorigenicity of the NIH3T3 fibroblast. Pathological and molecular analyses reveal unanticipated ligand-dependent phenotypes of the tumors including alterations in the expression of Notch receptors and effectors, supporting the hypothesis that unique functional roles exist for these ligands.
Materials and Methods

Cell Lines
The constructs and stable cell transfectants used in this study have been previously generated and characterized. 16, 32, 33 Pooled stable transfectants individually expressing hJag1, 32 hDl1, 16 sJag1, 35 sDl1, 16 or empty vector were used for these studies.
In Vivo Tumor Allografts in Immunocompromised Mice
All protocols involving mice were evaluated and approved by our Institutional Animal Care and Use Committee, and performed under veterinary supervision. The in vivo model for subcutaneous tumor development in nude mice was performed as described 36 with the exception that the cell suspension was supplemented with a basement membrane extract. Briefly, NIH3T3 stable lines were grown to confluence in Dulbecco's Modified Eagle's Medium containing 10% bovine calf serum (Hyclone Laboratories, Logan, UT), 1ϫ antibiotic/antimycotic (Hyclone Laboratories, Logan, UT), and 100 g/ml Genticin (Invitrogen, Carlsbad, CA). For injection, the transfectants were washed twice with PBS, trypsinized and centrifuged at 450 ϫ g for 3 minutes to pellet the cells.
After removal of the supernatant, the cellular pellets were resuspended in PBS mixed with 100 l of Matrigel (BD Bioscience, San Jose, CA). Male athymic nude mice (nu/nu) from Taconic Farms, Inc. (Germantown, NY) 6 to 8 weeks of age were injected subcutaneously in the right flank with 2 ϫ 10 6 transfected cells in a total volume of 200 l. Tumor growth was monitored by palpation, and the onset noted when tumors were palpable. Tumor size was measured with calipers, and tumor volume calculated assuming the shape as ellipsoid. Representative data were obtained from five mice/experimental group, and the entire experiment was repeated in three independent trials. Before collection, mice were injected subcutaneously with 200 l of 25 mg/ml bromodeoxyuridine (BrdU) solution at 15 hours and 1 hour before collection. The mice were euthanized and the tumors and overlying skin collected 3 to 5 weeks after injection, depending on growth. After the tumors were individually weighed, approximately half of the mass was snap frozen for mRNA and protein analysis with the remaining half cryofrozen in OCT embedding media (Electron Microscopy Sciences, Hatfield, PA) or fixed in 4% paraformaldehyde and embedded in paraffin for histological studies.
Histology and Immunohistochemistry
Paraffin-embedded tissue samples were cut into 5 micron sections using a microtome for pathological analysis as well as BrdU, platelet endothelial cell adhesion molecule-1 (PECAM), and terminal UTP nicked-end labeling (TUNEL) immunostaining. For pathological analysis, sections were stained with H& E or Masson's trichrome for visualization of connective tissue. At least five slides per tumor sample were analyzed for each stain by a boardlicensed veterinary pathologist in a blinded manner.
For BrdU immunostaining, deparaffinized serial sections were treated with 0.3% H 2 O 2 in methanol at room temperature for 20 minutes, followed by treatment with 20 mg/ml proteinase K in 50 mmol/L Tris/5 mmol/L EDTA for 7 minutes at room temperature. Immediately following proteinase K treatment, cells were washed in 0.4% glycine/PBS, and then incubated in 1.5N HCl for 15 minutes at 37°C. Cells were then washed in 0.1M borax buffer, and immunostained with a 1:100 dilution of anti-BrdU (MP Biomedicals, Solon, OH), followed by incubation with a biotinylated anti-mouse antibody. The antigen was detected using the ABC Elite reagent (Vector Laboratories, Burlingame, CA) using diaminobenzidine as the color substrate. For quantification of BrdU-positive cells, 10 random fields (magnification ϫ40) were captured for each sample, and the percentage BrdU labeled cells determined by counts of labeled/total cells.
The TUNEL method was used to determine number of apoptotic cells within each section. Deparaffinized serial sections of the tumors were labeled with biotin dUTP using terminal deoxynucleotidyl transferase (TdT) to detect DNA fragmentation. Following 3% H 2 O 2 treatment and proteinase K antigen retrieval, tumor sections were incubated for 1 hour at 37°C in TdT reaction solution (TdT 0.25U/ml, biotindUTP 0.4nmol/ml in TdT Buffer [30 mmol/L Tris-base pH ϭ 7.2, 140 mmol/L sodium cacodylate, 1 mmol/L cobalt chlo-ride]). TdT activity was then quenched with incubation in TdT reaction termination buffer (300 mmol/L NaCl, 30 mmol/L sodium citrate). Antigen was detected using the ABC Elite Reagent (Vector Laboratories, Burlingame, CA) and diaminobenzidene as the color substrate. Quantification of TUNEL-positive cells was performed as described for BrdU immunostaining.
Immunostaining for endothelial cells on deparaffinized serial sections was performed with anti-PECAM antibodies (BD Biosciences, San Jose, CA) using a biotinyltyramide amplification reagent (Perkin Elmer, Waltham, MA) and diaminobenzidine as the color substrate. Non-counterstained PECAM sections (five tumors per condition) were quantified for vessel area. Nine to ten pictures of comparable regions of each tumor were taken and quantified in a blinded fashion. Using Photoshop 7.0, the vessels were outlined in a transparent layer and filled in with black. The outlined vessel image was opened in Scion Image, converted to binary, threshold set to constant, and area of black pixels measured. Shown is average percentage of vessel area per tumor area, and results were analyzed by Student's t-test to determine statistical significance compared to the control group.
Oil Red O was performed on 25 micron serial cryosections of the tumors as described. 37 Briefly, sections were air dried, fixed in 10% neutral formalin for 5 minutes and rinsed in distilled water before placing the slides in an Oil Red O solution (3:2 dilution Oil Red O stock to ddH 2 O; Oil Red O stock solution is 3 mg/ml in isopropanol) for 8 minutes at 60°C. Slides were then rinsed in distilled water and counterstained with hematoxylin.
Quantitative and Qualitative RT-PCR
Total RNA was collected using TRI Reagent (Sigma, St. Louis, MO) following the manufacturer's protocol. RNA was reverse transcribed using oligodT in the presence of avian myeloblastosis virus reverse transcriptase to make cDNA. Successful cDNA production was verified by PCR (PCR Master Mix, Eppendorf North America, Westbury, NY) using primers against ␤-actin (forward, 5Ј-GGAGGAAGAGGAT-GCGGCA-3Ј, reverse, 5Ј-GAAGCTGTGCTATGTTGCTCTA-3Ј). Qualitative PCR on vascular endothelial growth factor A (VEGF)A (forward, 5Ј-CAGAAGGAGAGCAGAAGTCC-3Ј, reverse, 5Ј-CTCCAGGGCTTCATCGTTA-3Ј); VEGFB (forward, 5Ј-CCCAGTTTGATGGCCCCA-3Ј, reverse, 5Ј-TGCCCATG-AGTTCCATGC-3Ј); VEGFC (forward, 5Ј-GTAAAAACAAA-CTTTTCCCTAATTC-3Ј, reverse, 5Ј-TTTAAGGAAGCACTTCT-GTGTGT-3Ј); and VEGFD (forward, 5Ј-GCAAGACGAGACTC-CACTGC-3Ј, reverse, 5Ј-GGTGCTGAATGAGATCTCCC-3Ј), as well as the receptors VEGFR1 (forward, 5Ј-TCAGCAGCT-CAAGTGTCACC-3Ј, reverse, 5Ј-GCTGCTTGGAGATCTCA-CTG-3Ј); VEGFR2 (forward, 5Ј-ATGACATCTTGATTGTG-GCAT-3Ј, reverse, 5Ј-TTCCAGATGCTGGGCAAGTC-3Ј); and VEGFR3 (forward, 5Ј-GCAGGAGGAGGAAGAGGAGC-3Ј, reverse, 5Ј-TGCATGCTGGGTGGACTATCA-3Ј) was performed using primer sets as indicated. PCR products were visualized by gel electrophoresis and staining with ethidium bromide.
Quantitative real-time PCR (qRT-PCR) was performed on tumor cDNA using the Taqman Fast System and reagents (Applied Biosystems, Foster City, CA) per manufacturer's instructions. Applied Biosystems murine-specific Gene Expression Assay sets used for these studies were as follows: ␤-actin (#Mm00607939_s1); delta1 (#Mm00432841_m1); fabp4 (#Mm00445880_m1); fas (#Mm0066319_m1); hes1 (#Mm01342805_m1); hes3 (#Mm00468603_m1); hes5 (#Mm00468865_g1); hey1 (#Mm0046865_m1); hey2 (#Mm00469280_m1); hprt (#Mm01545399_m1); jagged1 (#Mm00496901_m1); lipoprotein lipase (#Mm00434764_m1); notch1 (#Mm00435245_m1); notch2 (#Mm00803077_m1); notch3 (#Mm00435270); notch4 (#Mm00440525_m1); and ppar␥ (#Mm00440945_m1). Quantitative analysis of the realtime data was performed using the comparative Ct method (Applied Biosystems SDS Software package) with either ␤-actin or hprt used as the endogenous control. At least two separate assays from different cDNA stocks, each with a minimum of three replicates were performed for every comparative study (relative expression). Significance was determined using either analysis of variance and/or Student's t-test.
Angiogenesis Blot Assay
Detection of blood angiogenic factors in mice bearing NIH3T3 allografts was performed using the TransSignal Angiogenesis Antibody Array (Panomics, Fremont, CA) following the manufacturer's instructions using cell free plasma. Blood was collected from mice by eye bleed into EDTA-coated microcontainers (BD Bioscience, Franklin lakes, NY). Plasma was separated from the blood cells by centrifugation at 7000 ϫ g for 10 minutes. Samples were stored at Ϫ20°C until use.
Immunoblot and Enzyme-Linked Immunosorbent Assay Analysis
Total cell lysate for immunoblot and enzyme-linked immunosorbent assay (ELISA) analysis was prepared using the Pressure Cycling Technology with the Barocycler NEP-3229 instrument (Pressure BioSciences, Inc., South Easton, MA.) as described. 38 The cell lysis buffer used in the extraction consisted of 150 mmol/L NaCl, 50 mmol/L Tris pH ϭ 8, 1% Triton X-100, and proteinase inhibitors. Samples were analyzed by SDS-polyacrylamide gel electrophoresis, transferred to nitrocellulose membrane, and immunoblotted with reagents as indicated. Antibodies specific for the intracellular domain of Notch receptors were Notch1 (C-20), Notch2 (M-20), Notch4 (H-225) (Santa Cruz Biotechnologies, Santa Cruz, CA), and Notch3 (EP2433Y) (Epitomics, Burlingame, CA). Immunoblots were visualized using chemiluminescence (Amersham Biosciences, Piscataway, NY). The VEGFA ELISA analysis was performed on the cell lysates using the Mouse VEGF Duo set (R&D Systems, Minneapolis, MN) as per manufacturer's instructions. Protein concentrations of each lysate were determined using a modified bicinchoninic acid method (Pierce, Rockford, IL) as per manufacturer's instructions. mice in a 7.0T Bruker PharmaScan magnet. A rapid acquisition method with enhanced relaxation was used (TR 2500 ms, TE 10.64 ms, FOV 3.5 cm, matrix size 256 ϫ 256, slice thickness 1 mm, total scan time, 5 minutes 30 seconds). The tumor dimensions were measured at the largest width, length, and height. For localized spectroscopy Point Resolved Spectroscopy (TR 2000 ms, TE 21.4 ms) was used. A voxel of 1 mm 3 was placed into the center of the tumor. Placement of the voxel had no influence on the spectrum. One spectrum is the sum of 800 fields with a total scan time of 26 minutes 40 seconds.
Results
Ligand Expression Alters the Complement of Notch Receptors and Downstream Effectors in Tumors Derived from NIH3T3 Cells
We previously reported that suppression of Notch signaling by extracellular and soluble forms of the Notch ligands Jagged1 and Delta1 induced transformation of NIH3T3 cells in vitro. 16, 32, 33 In vitro, the soluble forms of these ligands were shown to suppress canonical Notch signaling using a well-established luciferase reporter assay that measures Notch/CBF1 transcriptional activity. 39 In addition, NIH3T3 cells exposed to the conditioned media of sJag1 and sDl1 cells also incur a reduction in CBF1-mediated luciferase assay (data not shown), further indicating that the soluble forms of these ligands do interfere with Notch/CBF1 activity in this cell model. To determine whether these ligands also induced transformation of NIH3T3 fibroblasts in vivo, we studied the characteristics of tumors generated from NIH3T3 transfectants stably expressing either soluble (sJag1, sDl1) or full-length forms (Jag1, Dl1) of Jagged1 and Delta1, respectively, after injection into immunocompromised (nu/ nu) mice. In addition to the cellular suspension, we also added basement membrane extract to the injection cocktail as it has been reported to support the growth of solid tumors in this model. 40 As described throughout this report, we found that tumor growth occurred from all injected cell lines except for those expressing full-length Jagged1 over the course of the study. In addition, considerable differences in tumor phenotype from each cell line were observed. Since the only initial variable in these studies was the nature of the Notch ligand constitutively expressed by the NIH3T3 cell, we assayed the tumors for Notch receptor activity to determine the effect that ligand identity had on this system. First, we analyzed relative expression of steady-state Notch receptor mRNA among the tumor types to determine whether ligand expression was associated with changes in Notch receptor populations within the tissue. Using qRT-PCR, we found the full complement of Notch receptors (Notch1, Notch2, Notch3, and Notch4) expressed in all tumors with sJag1 tumors expressing the highest mRNA levels of all Notch receptors among the tumor types ( Figure 1A ). Notch receptor mRNAs in Dl1 allographs were significantly lower (Notch1, Notch2) or unchanged (Notch4) from the NIH3T3 control samples ( Figure 1A ). Notch1 and Notch3 were also elevated in the sDl1 samples compared to control ( Figure 1A ). Together, these data suggest that soluble forms of the ligands may promote the transcription or extend the half-life of mRNAs for the receptors, perhaps as part of a feedback loop designed to balance a normal Notch response.
The ability of the soluble and full-length ligands to promote or repress Notch cleavage within the mature tumors was examined by immunoblot analysis using antibodies that recognize the intracellular domain of each Quantitative RT-PCR (Taqman) was performed to determine expression levels of transcripts for each Notch receptor as indicated. cDNA was generated from total RNA isolated from at least three individual tumors from each group. Quantitative PCR was performed for each sample in triplicate and quantitative analysis of the realtime data was performed using the comparative Ct method (ABI SDS Software package) with ␤-actin used as the endogenous control. Data are presented as fold expression in comparison to NIH3T3 control (value of "1") for each assay. Error bars represent the 95% maximum and minimum confidence limits. One-way analysis of variance was used to determine significant differences between samples in comparison to control for each expression assay. Significant differences between the target sample and control are indicated with * representing *P Ͻ 0.5 and **P Ͻ 0.001. B: Immunoblot analysis for the presence of proteolytic fragments representing the cleaved intracellular domain for each Notch receptor was performed as described in Materials and Methods. Immunoblot analysis for ␤-actin (bottom panel) was used as a loading control. C and D: Quantitative RT-PCR (Taqman) was performed as described in (A) to determine expression levels of transcripts for the Notch effectors (Hes1, Hes3, Hey1, Hey2) for each tumor type as indicated.
receptor. Semiquantitative analysis of positive bands with molecular weights corresponding to the cleaved intracellular domain of the receptor indicated that tumors derived from Dl1 transfectants displayed the strongest signal for both the Notch1 and Notch3 receptors, as expected ( Figure 1B) . In contrast, samples extracted from sJag1-derived tumors displayed a general reduction of all Notch receptor cleavage products with the exception of Notch 3. Interestingly, lysates from sDl1 allographs also contained measurable quantities of cleaved Notch1 and Notch2 that were relatively higher than the 3T3 control (but not Dl1 transfectants) as well as a Notch4 band that was more intense than any other sample. To further explore the nature of Notch signaling status within the tumors, we used qRT-PCR to determine the relative expression of the Hes (Hes1, Hes3, Hes5) and Hey/HRT (Hey1, Hey2) family of Notch effectors (Figures 1C and 1D , respectively). Hes1 mRNA abundance was 2 to 10-fold higher than Hes3, depending on tumor type, and generally greater than 20-fold higher or more than either Hey1 (HRT1) or Hey2 (HRT2). Hes5 mRNA was not detectable in any of the tumors (data not shown). Both sDl1 and Dl1 tumors expressed significantly higher Hes1 mRNA than control with sJag levels modestly, but significantly, depressed ( Figure 1C) . Interestingly, the relative abundance of mRNA for both Hey1 and Hey2 in the Dl1 tumors was greater than eightfold higher than control, suggesting that Dl1 may preferentially stimulate expression of these effectors in this model. sDl1 increased Hey1 similarly to sJag1 and had the unique characteristic of producing tumors completely devoid of detectable mRNA levels for either Hes3 or Hey2. Together, these data indicate that the signaling status of the Notch receptors and their effectors differed among tumor types, most likely due to the effects that the exogenous ligands had on Notch receptor expression and/or activation in the parental and/or recruited (endogenous) tumor cells since this was the only starting variable among the experimental conditions. It is of importance to note that while soluble forms do suppress Notch signaling in vitro, these data must also be considered in light of the fact that the cellular composition of the tumors do not consist entirely of our transfected cells, but instead are populated by other endogenous cell types including endothelial cells that will also contribute to the pool of total mRNA and protein found within the tissues. In addition, it has been reported that whether or not soluble forms of the ligands are agonists or antagonists is dependent on the ability of the ligand to dimerize and it is possible that sDl1 and to a lesser extent, sJag1 may be able to do so via interactions with the extracellular matrix.
Expression of Soluble Notch Ligands Increases the Tumorigenicity of NIH3T3 Cells
Palpable tumors developed from cells expressing the soluble ligands (sJag1 and sDl1) at a strikingly earlier time period than those generated from cell lines expressing empty vector or full-length Dl1 (Figure 2A ). Tumor onset occurred on average 8 and 12 days after injection of sJag1 and sDl1 populations, respectively, compared to ϳ17 days after injection for the control and Dl1 lines. The Dl1 population behaved similarly to the empty vector control, with both groups forming tumors greater than 1500 mm 3 , but only Ͼ35 days after injection. In contrast, the Jag1 transfectants failed to form tumors, even 8 weeks postinjection (data not shown), supporting a role for this ligand as a potent tumor inhibitor in this model. Jagged1 transfectants also failed to form colonies in soft agar (data not shown), further substantiating its role as a tumor suppressor in the NIH3T3 fibroblast. In contrast, NIH3T3 cells stably transfected with a dominant negative form of CBF-1 formed highly angiogenic tumors 12 to 18 days after injection, supporting the hypothesis that suppression of canonical Notch signaling promotes the tu- 
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AJP September 2008, Vol. 173, No. 3 morigenicity of these cells (I. Prudovsky, personal communication). Since injection of Matrigel alone also did not lead to tumor growth (data not shown), it is likely that tumor development was due to the presence of the exogenous transfectants and not primarily by recruitment of endogenous cells due to growth factors present in the basement membrane extract.
To assess if the growth dynamics of each allograft reflected an increase in cellular proliferation and/or survival, we performed both BrdU incorporation and TUNEL assays, respectively. Surprisingly, staining of the tumors for BrdU incorporation indicated that no significant differences (P Ͼ 0.05) were found in the percentage of mitotic cells within each tumor ( Figure 2B ). These results were also confirmed by histological examination of the tumors, which revealed only 4 to 11 mitoses per ϫ400 field, with sJag1-derived outgrowths having slightly more mitoses than the other lines. These results were also consistent with cell cycle analysis of cultured transfectants in which we found that more than 80% of the cells were in G1 phase in all of the cell lines tested from 0 to 8 hours. The vector control, Jag1, Dl1, sDl1, and sJag1 cells showed a similar cell progression up to 28 hours through G1, G2 and S (data not shown). Interestingly, unlike the other lines that did not maintain synchronicity after 28 hours, the cell cycle progression of the Jag1 population remained synchronized throughout the experiment with almost all cells being in the same phase at any given point (data not shown).
Since tumor growth reflects the net difference between cell proliferation and death, we also assessed apoptosis using a standard TUNEL assay. Evidence of DNA fragmentation was greatest in the control tumor, followed by sDl1, sJag1, and surprisingly, the Dl1 tumors ( Figure 2C ). These results suggest that the fast development of the tumors derived from the soluble ligands may be due, in part, to a decreased response to apoptotic signals. Although the proliferation and apoptotic indices did not strictly correlate with final tumor size, a consideration in the interpretation of the BrdU and TUNEL labeling is that these were end-point analyses performed at the time of maximal tumor size and therefore did not reflect growth or apoptosis occurring in the log phase of tumor development.
Ligand Expression Controls Tumor Phenotype
Although ectopic expression of all ligand constructs with the exception of full-length Jag1 increased the tumorigenicity of the NIH3T3 cell, expression of sDl1 resulted in tumors that formed earlier and grew faster than those produced by the other cell lines (Figure 2A ). To further delineate phenotypic differences among the tumors, we performed a pathological examination of H&E and Masson's trichrome-stained serial sections of each of the tumors generated in the study. First, we observed that all tumors were highly compact and were primarily composed of bundles of spindloid mesenchymal cells ( Figure  3) . The spindloid cells of all tumors were found, in general, to have finely stippled or hyperchromatic nuclei with 0 to 3 small nucleoli. However, the chromatin in cells within the sJag1-derived tumors was sometimes found to be coarser than that observed in control, sDl1-, and Dl1-derived growths. Anisocytosis and anisokaryosis were moderate in control, sDl1, and sJag1 tumors and mild to moderate in Dl1 tumors, indicating that all displayed some degree of pleiomorphism.
Despite these similarities, pathological examination revealed marked structural differences among the tumors derived from the stable NIH 3T3 transfectants (Figure 3) . The tumors differed significantly in several aspects, most notably in degree of necrosis, vascularization (Figure 3 and 4A), and invasion into adjacent tissue. Tissue necrosis was most prevalent in the NIH3T3 control-derived tumors, which were characterized by mild to marked focal necrosis with mild hemorrhage from the surrounding vessels in 75% of all sections (Figures 3, A-C, and  4A) . Surprisingly, necrotic foci were smaller and fewest in number in the Dl1 derived outgrowths, with only 30% of the sections displaying the presence of minimal to mild focal or multifocal necrosis (Figure 3 , J-L). The percentage of sections showing significant necrosis was 62% in sDl1, 55% in sJag1, and 30% in the Dl1 tumors. These results suggest that while expression of the soluble ligands increased the initial proliferative potential or survival of the NIH3T3 cells, the Dl1-expressing cells developed into tumors that were less susceptible to necrosis or apoptosis-inducing factors such as limited nutrient and oxygen availability.
Since angiogenesis is critical for preventing necrosis and sustaining tumor development, we next examined the vascular structure of the outgrowths to determine whether ligand expression impacted the vascularization of the tumors. While angiogenesis occurred in all tumors examined, the quality and quantity of neovessel formation within tumor types differed extensively (Figures 3 and 4) . For example, in NIH3T3 control-derived tumors, microvessels were the least mature and found to be predominately open-ended, discontinuous and associated with the presence of extravascular blood, especially near the periphery of the tumor ( Figures 3A, and 4A ). Progressive increased arborization and sprouting of the vessels were observed toward the center of the tumors and on the periphery of necrotic areas. Some vessels within these tumors were also often found to be congested with fibrin thrombi (Figure 3B ), especially in those adjacent to the necrotic foci of the tumor. Of the stable transfectants, the vessel phenotype of sDl1 tumors were most like the NIH3T3, although the vasculature within these tumors did begin to arborize more peripherally, displayed more branches and were associated with less extravascular blood than control tumors ( Figures 3D, E, F and 4A) . Vessels near the necrotic foci were also congested, but the presence of fibrin thrombi was more infrequent in these tumors than in the controls. The sJag1 tumors displayed a vascular network that was more extensive than those observed in either the control or sDl1 tumors ( Figures 3H and 4A ). The vessels of these tumors were, on average, more dilated than those found in all of the other allographs and accordingly, were the least congested with fibrin thrombi. Interestingly, mild focal interstitial edema was observed in areas adjacent to some of the larger vessels, indicating that these vessels were leaky. Lastly, the Dl1-derived outgrowths contained the most mature vascular network of all tumor lines, with microvessel arborization consisting of an interconnected network of small to medium sized vessels found throughout the tissue (Figures 3, J-L and 4A) . Observations of small vessels sprouting from medium sized vessels could be seen in several sections (Figure 3, J and K) . In summary, we found substantial qualitative differences in the vascular network of tumors formed from each of the stable transfectants. These observations support unique functional roles for Notch ligands in the regulation of tumor angiogenesis.
Last, we noted variation in other tumor characteristics including collagen deposition. Microscopic analysis of Masson-trichrome-stained sections (Figure 3, C, F, I , L) revealed that collagen deposition was greatest in sDl1 followed by the controls. Both sJag1 and Dl1 had the least amount of collagen between mesenchymal cells, with only scant to small levels of staining observed within the sections. In addition, we also discovered some unusual characteristics associated with expression of the ligands, such as the presence of intracytoplasmic droplets of eosinophilic proteinaceous material in several sections of sDl1-derived tumors, only (data not shown). Tumors also differed substantially in their ability to infiltrate adjacent healthy tissue at the site of the allograph. Both sDl1 and sJag1 were invasive with the tumors engulfing areas of the adjacent skeletal muscle ( Figure 3G ) and adipose tissue, consistent with their size and growth rate.
Tumor Neovascularization Is Correlated to the Production of VEGFA and Other Angiogenic Factors
Angiogenesis is an integral part of tumorigenesis, and the role of Notch signaling in remodeling and maintaining the 
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AJP September 2008, Vol. 173, No. 3 vasculature is well documented. 41, 42 Since the initial pathological examination of tumor sections found marked differences in the extent, size and arborization of the vascular network (Figures 3 and 4A) , we next quantified vessel density to determine how the expression of the Notch ligand constructs affected the global host response of angiogenesis ( Figure 4B ). Quantification of vessel density/tumor area using PECAM as a marker of blood vessel endothelial cells showed that in agreement with the observations made during pathological examination, vessel density was greatest in the Dl1-derived tumors ( Figure 4B ). Although pathological examination indicated that sJag1 had the lowest prevalence of microvessels, the quantitative analysis of PECAM-positive areas indicated that these tumors had the second highest vessel density of all tumor types and was likely due to the dramatically larger average size of sJag1 tumor vessels. sDl1 had the least amount of PECAM-stained area/section. Since these differences in vascularization could be due to differences in angiogenic cytokine production, we tested blood plasma levels for the presence of those typically thought to be positive ( Figure 3C ) or negative ( Figure 3D) regulators. Blood was collected from tumorbearing mice, and plasma assayed for circulating cytokines using an angiogenesis antibody array (Panomics, Fremont, CA). Array analysis indicated that the levels of angiogenic cytokines in the blood from mice bearing tumors derived from transfectants expressing soluble ligands (sDl1 and sJag1) were generally higher in comparison to control animals. The cytokine profiles from sDl1 and sJag1 mice were similar with sJag1 transfectants having the highest levels of all but one (G-CSF) of the pro-angiogenic regulators including epidermal growth factor, interleukin-1␤, leptin, and fibroblast growth factor 1 and 2 (detection level over 100% of the positive control, Figure 3B ). Next, we examined blood plasma levels for the presence of anti-angiogenic factors in an attempt to understand the discrepancies we observed in vessel density and production of angiogenic factors among the experimental groups ( Figure 3D ). Among the negative regulators of angiogenesis, tissue inhibitor of metalloproteinase-1, and interferon-␥ were up-regulated more than 15-and 5-fold, respectively, in animals injected with either of the soluble-ligand expressing cell lines. These results suggest that tumor growth altered the composition of serum angiokines that may have impacted their individual growth, survival and angiogenic properties. While these factors may also have had an influence on the metastatic potential of the tumors, we saw no gross evidence of metastases within the animals and unfortunately were unable to analyze other tissues microscopically for their presence.
VEGF family members are considered the quintessential angiogenic regulators as activation of their receptors influences the whole spectrum of the angiogenic process including remodeling, branching and control of vascular permeability. 43, 44 Therefore, we examined tumor lysates for expression of VEGFA and other family members to determine whether ligand expression altered the production of these factors. Qualitative RT-PCR indicated that the all tumors analyzed expressed mRNA for VEGFA, VEGFB, and VEGFD, with only the sDl1 tumors expressing VEGFC at appreciable levels ( Figure 4E) . Although blood plasma levels of VEGF were only found to be mildly elevated in animals injected with the sJag1 and sDl1 transfectants ( Figure 4B ), we wanted to determine the status of VEGF signaling in the tumors themselves and therefore we performed an ELISA for VEGFA using tumor extracts ( Figure 4F ). The results from this assay indicate that both sJag1 and Dl1 extracts contained ϳ10-fold higher levels of VEGFA/mg total protein than either control or sDl1. Lastly, qualitative RT-PCR revealed that sJag1 expressed either barely detectable or undetectable levels of VEGF-R1 and VEGF-R2, respectively, although both of these receptors were found in control and sDl1-derived tumors. In summary, we observed marked differences in both the morphological characteristics of the tumor vasculature and production of angiogenic regulators among tumors produced by cell lines whose only genetic differences were the identities of the exogenously expressed ligand.
Expression of Soluble Notch Ligands Increases the Lipid Content of the NIH3T3-Derived Tumors
Pathological examination of the H&E-stained sections indicated the surprising presence of lipid-filled cells throughout the sJag1 and sDl1 tumors. To confirm that these vacuoles did contain neutral lipid, we performed Oil Red O staining of cryogenically-preserved serial sections ( Figure 5 ). While all tumors were found to contain lipid stores within the skin and subdermal regions, there were striking differences in lipid accumulation within the tumor mass, proper. The control tumors had little detectable lipid, whereas the entire sDl1 tumor was populated by adipocyte-like cells harboring large lipid droplets ( Figure  5, A and B) . Interestingly, the sJag1 tumors had several cells containing small lipid droplets throughout the tumor ( Figure 5C) ; however, the number of cells harboring these droplets was significantly less compared to the sDl1 tumor. The Dl1 tumors were, for the most part, negative ( Figure 5D ), although there were one to two small regions of strong lipid accumulation within the tumors ( Figure 5D, inset) . These findings of increased lipid accumulation in the sDl1 tumor were validated by localized spectroscopy as a method of measuring fat content in the tumors in vivo. Tumor-bearing mice were subjected to magnetic resonance imaging with subsequent measurement of fat within the tumor ( Figure 5E ). Consistent with the Oil Red O staining, the sDl1 tumors had a significant proportion of fat within the tumors in contrast to that found in sJag1 sections ( Figure 5E ). These results indicate that while expression of both soluble ligands produced lipid-bearing tumors, the overall amount of lipid stored differed significantly, possibly due to the influence of specific Notch/ligand interactions on triglyceride metabolism.
To further examine the possible relationship between ligand expression and the presence of these lipid-containing cells within the tumors, we performed qRT-PCR for the known adipocyte markers PPAR␥, FABP4, Lipoprotein Lipase, and FAS ( Figure 5F ). While no significant differences were found in levels of PPAR␥ and its transcriptional target FABP4 among the tumor types, significantly higher levels of mRNA for Lipoprotein lipase and FAS were detected in the soluble ligand-derived growths in comparison to control and Dl1-derived tumors. Surprisingly, the sJag1 tumors expressed the highest levels of transcripts for these two enzymes important for fatty acid metabolism, suggesting that the ability of the sDl1 cells to accommodate larger droplets of intracellular lipid may also be due to some other as-yet-identified factor.
Discussion
The primary focus of this study was to determine the tumorigenic potential and functional differences of fulllength and soluble forms of the Notch ligands Delta1 and Jagged1. While a fibroblast system such as the one used here does not reflect a true tumor model, it is nonetheless a well-documented method used to assay the oncogenic potential of genes. 45, 46 Using this model, we found marked differences in the tumorigenicity of the Notch ligands Jag1 and Dl1. Unlike all other cell lines tested including control cells, Jag1 transfectants did not form tumors, even in the presence of Matrigel, indicating its role as a potent inhibitor of tumor growth in this system. It should be noted that in a previous study we reported that NIH3T3 control cells did not form tumors, and this difference is likely explained by the fact that the prior experiments did not use Matrigel, as in the present work. 35 In stark contrast to non-tumorigenic Jag1 expressing cells, Dl1 transfectants produced large, well-vascularized tumors with growth rates similar to tumors from the control cell lines. To study the former, expression of the extracellular domains of either Jag1 or Dl1 were used as suppressors of endogenous Notch signaling. 16, 32 As predicted from in vitro studies where both sJag1 and sDl1 cause cell transformation, 16, 33 tumor onset, growth rate, and final size of both soluble ligand-derived tumors exceeded those formed from control and full-length transfectants. However, tumor pathology was distinct, demonstrating that activation or suppression of Notch signaling through different ligands or their extracellular domains drives unique phenotypic outcomes in vivo ( Figure 6 ).
The ability of the Notch signaling system to promote a tumorigenic versus a tumor suppressor activity is well appreciated, 34, 47, 48 although there is limited information regarding the functional contribution of the ligand specifically in cellular transformation. It is clear from our studies 3 placed into the center of the tumor. Placement of the voxel had no influence on the spectrum. One spectrum is the sum of 800 fields with a total scan time of 26 minutes 40 seconds. Scans were done at 20 days after injection of cells. The water and fat peak are indicated. F: Quantitative RT-PCR was performed to determine expression levels of transcripts for genes important for lipid metabolism. cDNA was generated from total RNA isolated from at least three individual tumors from each group. Quantitative PCR was performed for each sample in triplicate and quantitative analysis of the real-time data was performed using the comparative Ct method (ABI SDS Software package) with ␤-actin as the endogenous control. Data are presented as fold expression in comparison to control for each assay. Error bars represent the 95% maximum and minimum confidence limits. One-way analysis of variance was used to determine significant differences between samples in comparison to control for each expression assay. Significant differences (P Ͻ 0.001) in Lipoprotein Lipase and FAS expression but not PPAR␥ and FABP4 were found for all samples in comparison to control.
that Jag1 and Dl1 are functionally distinct, a finding that is not unexpected given that the identity of the activating ligand has been demonstrated to alter Notch signaling events during development and in cellular differentiation. 15, 16, 49 For example, Jagged1 and Delta1 were shown to have unique functions during development of the sensory patches in the inner ear, 50 and distinct activities of Jag1 versus Dl1 have been identified in hematopoietic cells and their stromal compartment. 51, 52 Distinct phenotypic pathways driven by Jagged1 and Delta1 have also been identified in vitro in leukemia cells, 53 however, have not been explored during in vivo tumorigenesis.
The diverging tumorigenic effect of expression of the individual ligand constructs may be attributed to their differential/preferential binding to the four Notch receptors and/or their ability to trigger down stream effectors. The tumor-promoting or -suppressing activity of the Notch signaling system has been reported to reflect the identity of the Notch receptors that are stimulated and cellular context. 54 For example, Notch1 activation causes arrest of cell cycle progression in chicken B-cell line DT40 55 as well as in small cell lung cancer cells, 56 and prevents myeloid cell. but not erythroid cell proliferation. 57 In contrast, epidermal and corneal-specific ablation of Notch1 led to hyperplasia and tumor formation in mice, 58 and a tumor suppressive role for activated Notch signaling has also been suggested in the prostate, lung, brain and liver. 34 Over-expression of a constitutively active form of Notch4 in a human adenocarcinoma cell line produced highly aggressive tumors in nude mice in comparison to cells expressing the intracellular domain of Notch2, which displayed tumor suppressor activity. 59 The subsequent activation of downstream effectors resulting from differential Notch/ligand interactions may also reflect tumor phenotype as the expression of Hes1, Hes3, Hey1, and Hey2 have been associated with several neoplasias including metastatic tumors. 60 Since we found differences in the relative expression of the tumors as well as the effectors, it is possible that the phenotypic differences observed within these tumors are directly attributable to the unique balances in specific receptormediated signals generated within the transfectants. However, it is important to note that while members of the Hes/Hey family are well characterized as Notch targets, there is evidence for Notch-independent activation of these genes. Pathways including c-jun N-terminal protein kinase 61 and BMP signaling 62 also regulate Hes/Hey activation, suggesting multiple stimuli within a tumor environment may impact the expression of these factors.
The differences in vessel network and necrosis we observe in the present study may also be attributable to the subtle changes in Notch signaling mediated by the primary activating ligands. Notch signaling from tumor cells have been shown to trigger Notch activation of neighboring EC's and consequently promote tumor angiogenesis. 63, 64 Increased Dll4 has been associated with increased vasculature in human breast and kidney carcinomas in mice xenografts while reduction of Dll1 in endothelial cells by siRNA leads to inhibition of cellular functions. 65 Our results correlate to these finding in that Notch activation by Dll1 overexpression in the tumor cells leads to increased vessel development. Although Notch activation by Dll1 (our study) and Jag1 63 are pro-angiogenic, suppression of Notch signaling by their respective soluble ligands is not complementary. While sDl1 tumors displayed decreased tumor vessel development, the vessels formed by sJag1 transfectants were larger and more developed than those in sDl1 or control allographs. This pro-angiogenic behavior of the sJag1 ligand is in agreement with our in vitro and in vivo studies on these cells in which sJag1 promotes FGFR signaling and induces a cord-like phenotype in NIH3T3 fibroblasts grown and culture and produces large, dilated vessels in chick chorioallantoic assays. 33, 35 These differential effects of ligand expression on tumor angiogenesis are likely the result of Notch/ligand regulation of angiogenic growth factors including VEGF, which was found to be highest in sJag1 and Dl1 samples.
Finally, our finding that the sJag1 and sDl1 transfectants developed into tumors internally populated by adipocyte or adipocyte-like cells was intriguing due to the reports that Notch signaling regulates adipogenesis 66 -69 and NIH3T3 cells can differentiate into adipocytes under certain conditions. 70 The regulation of adipogenesis by Notch is complex and several studies support a bimodal signaling mechanism in which canonical Notch pathways must first be activated and then repressed during the early and late stages, respectively, of adipocyte differen- tiation. At this time we cannot determine whether the adipocyte-like cells in either tumor types were the result of in situ differentiation of our NIH3T3 transfectants or due to the recruitment of endogenous pre-adipocytes to the tissue. In either case, the selective suppression of endogenous Notch signaling through either sDl1 or sJag1 appears to promote full or partial adipogenesis in these tumors. Intriguingly, the morphology of the lipid-accumulating cells within each tumor type was distinct with the sDl1 and sJag1 tumors containing adipocytes that were more similar to those found within white, adipose tissue white or brown respectively. The finding that both of these tumor types expressed higher levels of FAS than control or Dl1 tumors may be significant since the prognosis of several cancers, in particular breast cancer, is more severe in tumors expressing higher FAS activity. 71, 72 Further exploration into the mechanism by which specific forms of the soluble ligands regulate adipogenesis and/or adipocyte gene expression in solid tumors may increase our understanding of the pathogenesis of cancers that rely extensively on fatty acids as an energy source.
In summary, Notch suppression has the effect of increasing the tumorigenicity of NIH3T3 cells in vivo, although this corresponds to different phenotypes of the resultant tumors. Conversely, our findings that activation of Notch signaling by Jag1 has a strong tumor suppressive phenotype, whereas Dl1 does not share this activity supports differential functions of these ligands in cellular transformation and tumor development. Further studies on ligand function in neoplastic cell lines and tumor models may provide insight into the signaling attributes of specific ligand/receptor interactions. In particular, the connection between ligand activity and the induction of specific Notch effectors (Hes/Hey) may be of importance since we found that relative expression of these transcriptional regulators differed significantly among tumor types. Since all vertebrate cells examined to date express some complement of Notch ligands and receptors and Notch signaling is required for homeostasis in mature cells and tissues, the development of therapeutic agents that can target specific receptor/ligand interactions may provide effective cancer treatments with reduced deleterious side effects.
